Previous investigations have shown that areca nut extracts (ANE) or arecoline (ARE) causes DNA damage, which in turn contributes to oral cell carcinogenesis. To understand the role of microRNA (miRNA) in ANE-associated carcinogenesis, miRNA expression profile was examined in ANE-treated normal human oral fibroblasts. Among the miRNAs changed by ANE exposure, we found that ANE-induced miR-23a overexpression was correlated with an increase of g-H2AX, a DNA damage marker. In addition, DNA double-strand breaks (DSB) repair that was determined by an in vivo plasmid-based assay was reduced in ANE-treated or miR-23a-overexpressed cells, suggesting the role of miR-23a in DSB repair. FANCG is one of Fanconi anemia susceptibility genes that participate in DSB repair pathway to prevent chromosomal aberrations. FANCG was predicted as a candidate target of miR-23a by TargetScan algorithm. This was confirmed by ectopic overexpression or knockdown of miR23a. The correlation between miR-23a overexpression and areca nut-chewing habit could also be found in oral cancer patients. Finally, we showed that ANE-induced/ARE-induced miRNAs were significantly associated with the functional categories of ''genetic disorders'' and ''cancer'' using network-based analyses. In conclusion, our data showed for the first time that ANEinduced miR-23a was correlated with a reduced FANCG expression and DSB repair, which might contribute to ANEassociated human malignancies.
Previous investigations have shown that areca nut extracts (ANE) or arecoline (ARE) causes DNA damage, which in turn contributes to oral cell carcinogenesis. To understand the role of microRNA (miRNA) in ANE-associated carcinogenesis, miRNA expression profile was examined in ANE-treated normal human oral fibroblasts. Among the miRNAs changed by ANE exposure, we found that ANE-induced miR-23a overexpression was correlated with an increase of g-H2AX, a DNA damage marker. In addition, DNA double-strand breaks (DSB) repair that was determined by an in vivo plasmid-based assay was reduced in ANE-treated or miR-23a-overexpressed cells, suggesting the role of miR-23a in DSB repair. FANCG is one of Fanconi anemia susceptibility genes that participate in DSB repair pathway to prevent chromosomal aberrations. FANCG was predicted as a candidate target of miR-23a by TargetScan algorithm. This was confirmed by ectopic overexpression or knockdown of miR23a. The correlation between miR-23a overexpression and areca nut-chewing habit could also be found in oral cancer patients. Finally, we showed that ANE-induced/ARE-induced miRNAs were significantly associated with the functional categories of ''genetic disorders'' and ''cancer'' using network-based analyses. In conclusion, our data showed for the first time that ANEinduced miR-23a was correlated with a reduced FANCG expression and DSB repair, which might contribute to ANEassociated human malignancies.
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microRNAs (miRNAs) are small non-protein-coding RNAs (20-22 nucleotides) generated by sequential processing from longer transcripts, which contain a stem-loop structure (known as a pri-miRNA) and which exert a posttranscriptional regulatory effect through complementary binding to the 3# untranslated region (UTR) of target messenger RNAs (mRNAs) to block gene translation, promote mRNA degradation, or both. The most important role of miRNAs is in cell development, differentiation, apoptosis, and proliferation (Bartel, 2004; He and Hannon, 2004) . The human genome may have 800-1000 miRNAs (Bentwich et al., 2005) . Accumulating evidence indicates that miRNA expression is deregulated in the human carcinogenic process (Croce, 2009; Esquela-Kerscher and Slack, 2006; McManus, 2003) . Bioinformatic algorithms have become powerful tools to capture miRNA-regulated genes by ''seed'' region pairing and evolutionary conservation as predicted by PicTar, TargetScan, and miRanda programs (John et al., 2004; Krek et al., 2005; Lewis et al., 2005) . These algorithms typically predict that miRNAs can regulate the expression of hundreds of genes but have a contemporary existence error such as a ''seedless'' 3# UTR that can be regulated by miRNAs (Lal et al., 2009) . It is necessary to use experimental methods to evaluate downregulated target mRNAs or proteins following ectopic miRNA expression and, in contrast, to evaluate restored mRNAs or proteins by antagonizing miRNAs (Lal et al., 2009; Thomas et al., 2010) . Furthermore, these techniques can be combined with the use of Ingenuity Pathways Analysis (IPA) software to examine the interactome to fully realize the complete systemic effect of miRNAs in the development of human diseases (Lal et al., 2009; Papagiannakopoulos et al., 2008; Philippidou et al., 2010) .
The chewing of areca nuts is a widespread cultural tradition practiced by approximately 600 million people in Southeast Asia, as well as in migrant communities in the United Kingdom, United States, and South Africa (Gupta and Warnakulasuriya, 2002) . The areca nut (without tobacco) has also been declared a psychoactive addiction substance and a group 1 carcinogen for humans by the International Agency for Research on Cancer (IARC, 2004; Winstock, 2002) . Furthermore, it has been shown to contribute to the risk of oral precancerous lesions (Lee et al., 2003) and, independently,
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to contribute to oral and pharyngeal cancer (Ko et al., 1995; Lee et al., 2005) . The mechanism underlying the carcinogenicity of the areca nut and arecoline (ARE: the main alkaloid of areca nut) has been shown to be cytotoxic and genotoxic to human buccal epithelial cells as it promotes the formation of DNA single-strand breaks (Sundqvist et al., 1989) . Moreover, the global impact of ARE on transcription expression in oral carcinogenesis has been better understood using whole-genome screening, high-density microarray analysis, and quantitative real-time PCR (qRT-PCR), which has shown that FANCG mRNA expression can be frequently downregulated by ARE (Chiang et al., 2007) . FANCG is required for the interaction of the FANCA and FANCC complex and interacts with the DNA double-strand breaks (DSB) pathway (Garcia-Higuera et al., 1999) . Numerous genes are systematically affected by this intergradient of the areca nut, whether miRNAs might regulate the expression of these genes. Alteration of miRNA expression by areca nut extracts (ANE) exposure might indicate the possible role of miRNA in the regulation of the DSB pathway, which is still unknown.
The aim of this study was to characterize the differences in miRNA expression profiles and the miRNA-regulating machinery following exposure to ANE. Using miRNA array platforms and quantitative PCR analysis, we found that ANE specifically altered miR-23a expression and identified six miRNAs, one of which is highly expressed following ARE exposure. Furthermore, we showed that miR-23a expression could repress DSB repair. We also found that the expression of the FANCG gene was targeted by ANE-induced miR-23a, which was demonstrated by using experimental methods to overexpress or knockdown miR-23a. In addition to the wholegenome arrays and miRNA profiling, the use of Ingenuity Pathways Analysis (IPA) software identified deregulated molecular pathways with a high statistical confidence. Therefore, it appears that miRNA-related changes are an important effect of ANE. In conclusion, our data are the first to document the expression of differential miRNAs and the regulation of mRNA profiles in ANE exposure, suggesting a complete systemic effect of miRNAs in the development of human oral carcinogenesis.
MATERIALS AND METHODS
Cell culture and condition medium and XTT assay. The normal human gingival fibroblasts (HGF) cells were obtained from American Type Culture Company (CRL-2014), and Ca9-22 (gingival carcinoma) and 293 cells were used in this study. Cells were cultured in Dulbecco's modified Eagle medium (DMEM) (Invitrogen Co., Grand Island, NY) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and incubated at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . Cells were treated with a series concentration (0, 100, 200, 400, 800, and 1000 lg/ml) of ANE treatment for 24 h. The cell viability assay was performed using a Proliferation Assay Kit, XTT based (Biological Industries, Beit Haemek, Israel), according to the manufacturer's instruction. A total of 24-h wells per dose and cell line were measured. The plates were then read (490/650 nm) with a microtiter plate ELISA reader ( Supplementary Fig. 1 ) and arecoline (ARE)-conditioned medium were validated in our previous studies (Chiang et al., 2007) .
RNA isolation and microarray miRNA labeling, hybridization, and analysis. The normal human gingival fibroblasts (HGF) cells were treated with ANE (800 lg/ml), arecoline (ARE, 100 lg/ml), or vehicle (water) for 24 h and total RNA was isolated using Trizol Reagent (Invitrogen), according to the manufacture's protocol. RNA was quantified at OD 260nm by using a NanoDrop2000 spectrophotometer (Thermo Fisher scientific Inc.). One hundred nanograms of total RNA was dephosphorylated and labeled with pCp-Cy3 using an Agilent miRNA Complete Labeling and Hyb Kit (Agilent Technologies). Hybridization buffer (23; Agilent Technologies) was added to the labeled mixture to a final volume of 45 ll. The mixture was heated for 5 min at 100°C and immediately cooled to 0°C. Each 45 ll sample was hybridized using an Agilent human miRNA Microarray Kit R12 (Agilent Technologies), which contains 866 human miRNAs probes, at 55°C for 20 h. After hybridization, slides were washed for 5 min in Gene Expression Wash Buffer 1 at room temperature and then for 5 min in Gene Expression Wash Buffer 2 at 37°C. Slides were scanned on an Agilent microarray scanner (model G2505C, Agilent Technologies) at 100 and 5% sensitivity settings. The microarray data were analyzed by GeneSpring 7.3.1 by Welgene Biotech Co., Ltd. (Agilent, Taiwan). We selected the differentially expressed miRNAs that showed a twofold change in expression level in ANE-or arecoline (ARE)-treated cells compared with non-treated cells.
qRT-PCR of miRNA and mRNA. Briefly, 50 ng of total RNA was subjected to a two-step analysis using a TaqMan miRNA Assay Kit (Applied Biosystems, Foster City, CA). For the first step, the reverse transcription reaction was incubated at 16°C for 30 min, 42°C for 30 min, 85°C for 5 min, and stopped at 4°C. The second PCR step consisted of 1 cycle of 10 min at 95°C with active enzyme, 40 amplification cycles lasting 15 s at 95°C, and 1 min at 60°C. The reaction was performed on an Applied Biosystems 7900HT Real-Time Instrument. RNU44 (Applied Biosystems) was used as endogenous control for miRNA expression studies. Finally, the data were analyzed according to the 2 ÀDDCT relative quantitation method. In the study, TaqMan miRNA assay kits were used according to miRBase v12 (Applied Biosystems): hsa-miR-23a (P/N 4373074), hsa-miR-26a (P/N4395166), hsa-miR-26b (P/N 4373069), hsa-miR-29c (P/N4373289), hsa-miR-30a-5p (P/N4373061), and hsa-miR-143 (P/N4373134). Using 1 lg of total RNA and the High-Capacity cDNA Archive Kit (Applied Biosystems), according to the manufacturer's instructions, cDNA was diluted to 40 ng/ll and mixed with PowerSYBR Green reagent (Applied Biosystems). PCRs were 50°C for 2 min, 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min and added dissociation curve to assure that amplified PCR product was specific target. The primers used for PCR were: FANCG-F5# CCTGGCCTTGTTACTAGAGACC 3#, FANCG-R5# AGTTTTCAGAAGTAACAGCAGATCC 3#; GAPDH-F5# AGCCACATCGC-TCAGACAC 3#, GAPDH-R5# GCCCAATACGACCAAATCC 3#. Finally, the data were analyzed according to the relative quantitation method (2 ÀDDCT ).
miRNA overexpression and inhibition. We plated 293 cells in six-well dishes at 1.2 3 10 5 cells per well and allowed them to grow overnight. One day before transfection, the medium was replaced with serum-free DMEM to synchronize the cells. The 50nM final concentration pre-miR miRNA Precursor (AM17100; Ambion), negative control (AM17110; Ambion), anti-miR miRNA Inhibitor (AM17000; Ambion), and negative control #1 (AM17010; Ambion) were transfected into cells using Lipofectamine 2000 (Invitrogen), according to manufacturer's instructions. At least 24 h after transfection, cells were harvested for luciferase reporter assays and immunoblot assays.
miRNA target gene prediction. The target genes of selected miRNAs were predicted from the following databases: miRanda (http://www.microrna.org/ microrna/home.do), TargetScan (http://www.targetscan.org/vert_50/), and PicTar (http://pictar.mdc-berlin.de/).
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Plasmid-based in vivo homologous recombination repair assay and nonhomologous end-joining repair assay. The homologous recombination (HR) repair substrates (RL-1/RL-3 and RL-2/RL-4) were amplified by PCR from pRL-CMV (Promega, Madison, WI). The PCR primers are as follows: RL-1: 5#-AGA TCT TCA ATA TTG GCC ATT AGC; RL-2: 5#-TTC TTA TTT ATG GCG ACA TGT TGT; RL-3: 5#-ACG AGG CCA TGA TAA TGT TGG ACG; and RL-4: 5#-CTT ATC GAT TTT ACC ACA TTT GTA. The HR repair substrates (68 ng per well RL-1/RL-3 fragments and 40 ng per well RL-2/RL-4 fragments) and internal control luciferase reporter (pCMV-Luc, 0.25 lg per well) were cotransfected into cells. The non-homologous end-joining repair (NHEJ) assay has been described previously (Bau et al., 2004; Wang et al., 2006) . The overall endjoining repair substrate used was the pRL-CMV plasmid (Promega) that completely linearizes after treatment with HindIII, which cuts between the CMV promoter and the Renilla luciferase cDNA. The precise end-joining repair substrate was created using AflIII restriction endonucleases that cut the Renilla luciferase cDNA region to form a linear fragment. The two linear plasmids were subjected to phenol/chloroform extraction, ethanol precipitation, were dissolved in sterilized water, and finally used at 0.3 lg per well to transfect cells. About 6 3 10 4 cells were seeded in 24-well plates. After overnight incubation, cells were co-transfected with 0.25 lg per well luciferase reporter plasmid (pCMV-Luc) used as an internal control, using Lipofectamine 2000 (Invitrogen). After 24 h, firefly luciferase activity and Renilla luciferase activity were assessed using the Dual-Luciferase Reporter Assay System (Promega). Repair activity was measured using the Renilla luciferase activity normalized to the firefly luciferase activity. Data from at least three independent experiments were averaged to calculate the mean and the SD.
Immunoblot analysis. Whole-cell lysates were prepared with RIPA lysis buffer (50mM Tris-HCl [pH 8.0], 150mM NaCl, 0.5% [wt/vol] sodium deoxycholate, 1% [vol/vol] Nonidet P-40, 0.1% [wt/vol] SDS, and 1mM dithiothreitol) containing a cocktail of protease inhibitors (Roche, Mannheim, Germany) on ice for 30 min and clarified by centrifugation at 13,000 rpm at 4°C for 10 min. The protein concentrations were measured using a Bio-Rad protein Assay Kit. Protein lysates were denatured in Laemmli buffer, boiled, and then loaded onto a 12% SDS-polyacrylamide electrophoresis gel. The separated proteins were transferred onto polyvinylidene difluoride membranes (Immobilon-P; Millipore, Bedford, MA). The membranes were blocked with 5% milk/TBST (20mM Tris-HCL, pH 7.4; 150mM NaCl; and 0.1% Tween20) for 1 h and then hybridized with a mouse monoclonal antibody against GAPDH (Santa Cruz, CA), FANCG (H00002189-M01; Abnova), phospho-H2AX (ser139) (JBW301; Upstate, Lake Placid, NY), or c-Myc (GTX 109636; GeneTex Inc.) at 4°C overnight. The secondary antibodies were detected using horseradish peroxidase-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA), visualized by enhanced chemiluminescence (Millipore), and analyzed using the UVP BioSpectrum 500 Imaging VisionWorksLS software system (UVP, Upland, CA).
Gene knockdown by small interfering RNA. FANCG small hairpin RNA (TRCN0000082860) was obtained from the National RNAi Core Facility (Taipei, Taiwan) to knockdown FANCG in 293 cells by using Lipofectamine 2000 (Invitrogen). After post-transfection, cells were harvested for Western blotting and the cells' viability was detected by XTT assay.
Clinical samples. The 31-paired oral cancer specimens were obtained from the Department of Otorhinolaryngology, Kaohsiung Medical University Hospital (KMUH). The informed consent (IRB: KMUH-IRB-950094) was approved by the Human Experiment and Ethics Committee of Kaohsiung Medical University.
Statistical analysis. All observations were confirmed by at least three independent experiments, and statistical significances were analyzed by Student's t-test or ANOVA, followed by Dunnett's post hoc analysis. The p values for linear trend on cell viability (%) were in simple linear regression models. Pearson's and Spearman's correlation coefficient analyses were also applied in Figure 5 . All tests were two-tailed, and p values where *< 0.05 and **< 0.01 were considered statistically significant.
Network-based analyses. The network functions were predicted using Ingenuity Pathways Analysis software (IPA; Ingenuity Systems Inc., Redwood City, CA; http://www.ingenuity.com/).
IPA software was used to identify the biological functions, canonical pathways, and networks from peer-reviewed publications. The Fisher's exact test was used to estimate the significance of the incidence of pathways by calculating a p value determining the probability of the association between a genes data set and these pathways.
RESULTS

Profiling and Validation of miRNA Expression in ANE-Treated HGF Cells
To identify differentially expressed miRNAs in HGF cells following an exposure of ANE (800 lg/ml) or arecoline (ARE, 100 lg/ml) that did not exhibit gross cytotoxicity (Supplementary Fig. 1 ), human miRNA expression was profiled using Agilent human miRNA Microarray R12, comprising 866 human miRNAs. For one-color experiments, TotalGeneSignal values from the Agilent's Feature Extraction software were used as inputs into experimental analyses. Each measurement was divided by the 75th percentile of all measurements by GeneSpring 7.3.1 analysis software. A total of 103 miRNAs passed the flag filtering, and ANE-or ARE-exposed samples were compared with control conditions that received no exposure. In order to reduce the large number of differentially identified results, highly expressing reports were gathered based on a twofold minimum absolute change, except for downregulated reports. As shown in Table 1 , the expression of 15 miRNAs changed, where 11 miRNAs were upregulated and only 4 miRNAs downregulated after treatment with ANE. Simultaneously, 22 miRNAs changed on exposure to ARE, including 19 upregulated and 3 downregulated miRNAs. We identified eight miRNAs (hsa-miR-23a, hsa-miR-26a, hsa-miR26b, hsa-miR-29c, hsa-miR-30a-5p, hsa-miR-199b-5p, hsamiR-1915, and hsa-miR-143 ) that consistently exhibited a change of twofold or greater following ANE and ARE exposure to HGF cells. To further confirm the reliability of microarray reports, qRT-PCR analysis was performed to detect seven miRNAs using RNU44 as an endogenous control, apart from hsa-miR-199b-5p for which a commercial TaqMan miRNA assay was not available. The relative expression analysis was determined using DC T (miRNA C T minus endogenous control C T ) and fold changes relative to a reference sample (2 ÀDDCT ). miR-23a was significantly upregulated in HGF cells treated with ANE for 24 h (Fig. 1A) . Meanwhile, miR-23a and six other miRNAs also exhibited increased levels following ARE exposure ( Supplementary Fig. 2 ). The results were very consistent with those obtained by miRNA microarray analysis. Interestingly, we also found that ANE-induced miR-23a expression in different cell line types (Fig 1B) . Therefore, we focused on ANE-induced miR-23a expression, which we hypothesized might have a dominant effect on cell physiological function; according to the IARC, the areca nut is 482 TSAI ET AL. a major psychoactive substance in Southern Asia. These data suggest that alterations of these miRNAs could be involved in areca nut carcinogenesis.
miR-23a Enhances ANE-Induced c-H2AX, a Marker of DNA DSB In previous studies, it was well documented that areca nutrelated compounds have cytotoxic and genotoxic effects on cultured human buccal epithelial cells (Sundqvist et al., 1989) and that they induce DNA damage responses in human epithelial cells (Tsai et al., 2008) . Following the induction of the DNA damage response, the histone H2AX, a histone H2A variant, becomes rapidly phosphorylated at the C-terminal serine 139 to form gamma-H2AX (c-H2AX) (Rogakou et al., 1998) . To evaluate the effect of miR-23a on ANE-induced DNA damage according to the expression of c-H2AX, we used pre-miR-23a precursors to overexpress miR-23a in transfected cells. As shown in Figure 2A , ANE provoked up to 4.48-fold damage in DNA, whereas pre-miR-23a precursors induced a significant increase in c-H2AX expression. Pre-miR-23a precursors enhanced the effects of ANE, thereby increasing DNA damage. On the other hand, we used anti-miR-23a-specific inhibitors that reduced ANE-induced DNA damage (Fig. 2B ).
miR-23a Represses DSB Repair Activity
Exposure of cells to ANE induced the expression of miR23a, which enhanced DNA damage. We hypothesized that miR-23a would also affect DSB repair mechanisms following ANE exposure, owing to the detection of c-H2AX, the marker of DSB. In mammalian cells, HR and NHEJ, two major DNA repair pathways, participate in DSB repair to maintain genomic integrity (Kanaar et al., 1998; Karran, 2000) . We used an in vivo plasmid-based assay to examine the possibility that miR-23 represses DSB repair. The in vivo PCR-based HR repair assay was designed using a Renilla luciferase plasmid (pRL-CMV). Renilla luciferase activity was observed in cells following recombination of two fragments used as substrates from two pair primers RL-1/RL-3 and RL-2/RL-4 obtained by PCR (Fig. 3A) . Upon ANE exposure for 24 h, HR, as judged by Renilla luciferase activity, was significantly repressed. Additionally, transfection of pre-miR-23a precursors to overexpress miR-23a also resulted in significantly repressed HR repair activity (Fig. 3B) . The in vivo NHEJ repair assay has been described previously (Bau et al., 2004; Wang et al., 2006) . We used HindIII restriction enzymes to cut the pRL-CMV plasmid to generate a linear form as a substrate for the overall end-joining activity assay, and AflIII restriction endonucleases to produce substrates for the precise end-joining activity assay. The linear pRL-CMV plasmid and the circular pCMV-Luc plasmid used as the internal control were cotransfected into cells and then, as cells underwent DNA repair, the circular form of the plasmid was regained, and Renilla luciferase activity was detected. As shown in Figure 3C , the FIG. 1. miRNA expression profiles were determined in ANE-treated HGF cells. (A) HGF cells were exposed to various concentrations of ANE (ANE0, ANE400, and ANE800 stand for 0, 400, and 800 lg/ml of ANE, respectively) for 24 h; the expression of individual miRNA was quantified by TaqMan real-time PCR and normalized to that of the control RNU44. The relative expression was measured according to 2 ÀDDCT relative quantitation method. (B) miR-23a was also induced, in a dose-dependent manner, by ANE in different cell lines. The results represented the mean ± SD values from at least three independent experiments and were assessed for significance compared with control (ANE0) by using Dunnett's post hoc analysis: *p < 0.05; **p < 0.01. The p values for linear trend (p trend ) were analyzed using t-test in simple linear regression models.
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overall end-joining activity was decreased by ANE exposure and overexpression of miR-23a. The result was consistent with the precise end-joining activity, in that ANE and miR-23a repressed repair activity (Fig. 3D) . Here, we demonstrated that ANE induced miR-23a to repress DSB repair activity.
FANCG Is the miR-23a Target Gene
We next examined the potential target gene for miR-23a using three target prediction algorithms, including miRanda, TargetScan, and MicroCosm Targets. Among the candidates
FIG. 2. miR-23a enhanced by ANE induces c-H2AX, a DSB marker. (A)
The pre-miR-23a precursor (50nM final concentration), or negative control, was transfected into 293 cells, and after 3 h, 200 lg/ml ANE was added to the culture medium for 24 h. (B) The 293 cells were transfected with anti-miR-23a inhibitors or negative control (N) for 3 h, followed by exposure to 200 lg/ml ANE for 24 h. The effect of miR-23a modulation on c-H2AX expression was assessed by Western blot analysis using GAPDH as a loading control. Representative immunoblots are shown along with qualitative data from three separate experiments and analyzed by using Dunnett's post hoc analysis: *p < 0.05; **p < 0.01.
FIG. 3. miR-23a represses DSB repair activity. (A) A schematic diagram
representing the pRL-CMV plasmid that was used to generate two substrate fragments by PCR and was co-transfected into 293 cells. The two fragments could be repaired by HR to restore expression of the Renilla luciferase gene. (B) Following exposure to 800 lg/ml of ANE for 24 h (left) or transfection of pre-miR-23a precursors (right), firefly and Renilla luciferase activity were assayed with a Dual-Luciferase Assay System, where Renilla luciferase activity was normalized to the firefly activity from the co-transfected pCMV-Luc plasmid used as an internal control. Mean ± SD from three independent assays are shown with significance assessed by Student's t-test (*p < 0.05) or by Dunnett's post hoc analysis (*p < 0.05; **p < 0.01). (C) The overall NHEJ activity was measured by circularization of a transfected linearized pRL-CMV plasmid cut by HindIII and normalized to firefly luciferase from the cotransfected pCMV-Luc plasmid used as an internal control, at 24 h after 800 lg/ml ANE exposure (left) or pre-miR-23a transfection (right). Data represent mean ± SD of at least three independent experiments (*p < 0.05, **p < 0.01). (D) The linear substrates of precise end-joining activity were produced by AflIII restriction endonucleases. Renilla luciferase activity was restored following repair of the circular form of the plasmid and was normalized to firefly luciferase using the co-transfected pCMV-Luc plasmid as an internal control, after 24-h ANE exposure (left) or pre-miR-23a transfection (right). Error bars show the SD derived from at least three independent assays (*p < 0.05, **p < 0.01). Control cells (C) were only treated with lipofectamine, and negative control cells (N) were treated with scrambled miRNA oligonucleotides, which do not target any known miRNA within the human genome.
ARECA NUT-INDUCED miRNA EXPRESSION AND DNA REPAIR INHIBITION 485 targeted, the 3# UTR of human FANCG contains a putative region (nucleotides 2432-2452, NM_004629) that matches to the seed sequence of hsa-miR-23a (Fig. 4A) . To determine whether miR-23a affected the expression of the FANCG gene, we performed immunoblotting analysis and found that the FANCG protein was considerably decreased in the ectopic expression of pre-miR-23a, following ANE exposure (Fig. 4B) . In contrast, knockdown of miR-23a restored expression of the FANCG protein following ANE exposure (Fig. 4C) . Similar results were also seen where FANCG mRNA levels were repressed by miR-23a ( Supplementary  Fig. 6 ).
miR-23a Expression in Relation to ANE Exposure and FANCG mRNA
Because miR-23a was found to negatively regulate FANCG in our cell culture model, we further investigated whether the expression of miR-23a was related to ANE exposure and FANCG expression in oral cancer patients. Paired specimens from the tumor and adjacent unaffected sites obtained from 31 oral cancer patients were used to verify such an association. Compared with the unaffected site, an increased trend in miR23a fold changes was detected correlating with increased areca nut exposure (0.996 ± 0.956, 1.117 ± 0.763, and 1.779 ± 1.599 for non-areca nut chewing, areca nut chewing for < 10 years, and ! 10 years of chewing, respectively, Fig.  5A ). A negative correlation was noted between miR-23a and FANCG mRNA; however, the trend was not significant (Fig. 5B) .
Overview of the Molecular Functional Effects of ANEInduced/ARE-Induced miRNAs
To identify potential target genes of the induced miRNAs in ANE-treated/ARE-treated cells and to unveil potential diseases and the molecular function of effector genes in ANE-induced/ ARE-induced carcinogenesis, we used the TargetScan database to compare the experimental targets obtained by the ANEtreated/ARE-treated high-density microarray data set and found that mRNA levels were downregulated (Chiang et al., 2007) . We found an overlap between these two data sets (except for miR-1915, which had no database in TargetScan), where miR23a affects 181 genes, miR-26a affects 161 genes, miR-29c affects 203 genes, miR-30a-5p affects 179 genes, and miR-143 affects 140 genes. Furthermore, the IPA method was uniquely suited to provide a rapid understanding of the underlying specific ''effector genes'' using genomic-and proteomic-based data sets and was able to quickly predict molecular functions highlighting the complex pathway through which miRNAs target genes in ANE-induced/ARE-induced carcinogenesis. Interestingly, we found that the top five canonical pathways for each miRNA were significantly associated with ''genetic disorders'' and ''cancer'' and that these miRNAs have different putative molecular and cellular functions that are involved in disease and the disorders shown in Table 2 (detailed effector genes are shown in the Supplementary excel file, which file name is ''target gene profiling''). 
DISCUSSION
miRNAs are known to be important in the regulation of many cellular events including the carcinogenic process in human cells (Croce, 2009; Esquela-Kerscher and Slack, 2006; McManus, 2003) . Aberrant miRNA expression profiles have been reported in head and neck/oral cancer cells (Tran et al., 2010) . Pathological carcinogens have been causally associated with heavy smoking and alcohol abuse in the case of head and neck/oral cancers occurring in the United States; however, the areca nut (without tobacco) has also been declared a group 1 carcinogen by the IARC. The prevalence of areca nut chewing is continually increasing and endangering health in Southeast Asia. Alteration of miRNA expression by ANE exposure may indicate the possible role of miRNA in the regulation of carcinogenesis, which is still unknown.
This study is the first to have identified several miRNAs that consistently alter in expression following ANE exposure and is the first to identify that miR-23a is significantly upregulated following ANE exposure, based on real-time PCR analysis in HGF cells (Fig. 1) and oral cancer cells (Supplementary Fig. 3) . Meanwhile, miR-23a and six other miRNAs (hsa-miR-26a, hsa-miR-26b, hsa-miR-29c, hsa-miR-30a-5p, hsa-miR-143, and miR-1915) exhibited increased expression levels following ARE exposure, which is the main alkaloid of the areca nut ( Supplementary Fig. 2 ). The effect of ARE on the expression of miRNAs was more significant than that of ANE because ARE is the major alkaloid present in ANE and is a pure compound used to treat cells in this study. We used pre-miR-23a precursors to overexpress miR-23a or anti-miRNA inhibitors and to repress miR-23a in transfected cells. In order to investigate the function of miR-23a and to identify possible mechanisms by which miR-23a induction leads to DNA damage, c-H2AX phosphorylation was demonstrated (Fig. 2) . Upon induction of DNA damage, the histone H2AX, a histone H2A variant, becomes rapidly phosphorylated to form gamma-H2AX (c-H2AX) and is subsequently involved in the DSB pathway (Rogakou et al., 1998) . These data indicate that miR23a has an important functional role in ANE-induced DNA damage and may participate in the DSB pathway. It was previously not known whether ANE affects the regulation of DSB repair. Here, we used an in vivo plasmid-based assay to examine the possibility that ANE and miR-23 repress the repair of DSB. To our knowledge, this is the first demonstration of how ANE and miR-23a have a functional effect on inhibiting the repair of DSB in 293 cells (Fig. 3) and Ca9-22 cells ( Supplementary Fig. 4) .
FANCG is required for the interaction of the FANCA and FANCC complex and interacts with the HR or NHEJ pathway (Garcia-Higuera et al., 1999) . FANCG has been considered as a tumor suppressor capable of correcting chromosome aberrations and can prevent sister chromatid exchange in the Chinese hamster ovary (CHO) mutant UV40 cell line (Liu et al., 1997) . ANE and ARE can induce the frequency of sister chromatid exchange and chromosomal aberration in CHO cells, and the chromosome damage was found to be more severe on treating the cells with low concentrations for a longer duration, which mimics the effect of chronic areca nut consumption (Dave et al., 1992) . Moreover, our previous work has shown that FANCG mRNA expression can be frequently downregulated by ARE (Chiang et al., 2007) . We speculated that miRNAs target the FANCG-3# UTR and next examined its potential targets by searching the miRanda, TargetScan, and PicTar databases. Among the candidates targeted, the 3# UTR of human FANCG contains a putative region (nucleotides 2432-2452, NM_004629) that matches with the seed sequence of miR-23a. In addition to inducing DNA damage, treating the cells with ANE-induced miR-23a and downregulated the expression of its target gene FANCG through the miR-23a precursor. Conversely, FANCG expression was restored by using an miR-23a inhibitor (Fig. 4) . Endogenous miR-23a expression was detected by transfecting the miR-23a precursor or inhibitor into 293 cells (Supplementary Fig. 5) . The results therefore suggest that ANE acts through the DNA repair pathway to regulate the DNA damage response and that miR23a plays a critical role in the regulation of the biological activity of ANE. We also found an increased trend in the fold change of miR-23a expression correlated with increased areca nut exposure and a negative correlation between miR-23a and FANCG mRNA, although the results were not statistically significant in 31-paired oral cancer specimens. To confirm the correlation between FANCG and miR-23a in the carcinogenesis of oral cancer, analysis of a larger population is required. However, our data first indicated that the FANCG protein was repressed by ANE inducing the expression of miR-23a in the cell models, as was the same for FANCG mRNA levels ( Supplementary Fig. 6 ). In other words, by targeting FANCG, miR-23a may mediate the induction of DNA damage by ANE. Knockdown FANCG expression in 293 cells would render cells more susceptible to the ANE exposure ( Supplementary   Fig. 7 ). Induction of DNA damage and inhibition of DNA repair may promote the fixation of mutated nucleotides and thereat boost to form the initial oral cancer cells.
miR-23a belongs to the miR-23a~27a~24-2 clusters that are localized on chromosome 19p13.13. Two studies have demonstrated that miR-23a can be independently transcribed from these clusters (Buck et al., 2010; Chhabra et al., 2009) . Recently, miR23a expression has been found to be upregulated in human solid tumors, such as in cholangiocarcinoma cells (Meng et al., 2006) , bladder cancer (Gottardo et al., 2007) , hepatocellular carcinoma , and oral squamous cell carcinoma (Scapoli et al., 2010) . miR-23a also serves as a chemoresistant miRNA against cisplatin in tongue squamous cell carcinoma lines (Yu et al., 2010) and may even have angiogenic properties as it is among the most highly expressed miRNAs in human umbilical vein endothelial cells (Poliseno et al., 2006) . However, until now, it has not been determined whether miR-23a expression is a cause or an effect of cancer. miR-23a is known to target the interleukin-6 receptor and to promote growth activity in gastric adenocarcinoma cells in vitro (Zhu et al., 2010) , despite which, the Myc oncogene can partially repress mir-23a expression to stimulate glutamine metabolism in cancer cells (Dang, 2010) . In our experimental data, we found that ANE can induce miR-23a expression in 293, Ca9-22, HGF, and CAL27 cells. Simultaneously, ANE can repress Myc protein levels in 293 and Ca9-22 cells but not in HGF, CAL27, or HEp-2 cells ( Supplementary  Fig. 8 ). We speculate that ANE can regulate miR-23a by a Mycdependent or Myc-independent pathway. The exact molecular mechanism underlying the induction of miR-23a expression by ANE is still being investigated.
Complementary oligonucleotide DNA or miRNA microarrays are being used to monitor disease progress, but massive changes of target genes from high-throughput genomic data are difficult to classify biological functions and gene-gene interactions. IPA is one of the approaches that have been used to identify genome-wide interaction networks. Based on this approach, these findings establish miR-21 as an important oncogene that targets a network of p53, TGF-beta, and mitochondrial apoptosis tumor suppressor genes in the progress of glioblastoma (Papagiannakopoulos et al., 2008) . miR-24 is upregulated during hematopoietic differentiation and inhibits 248 genes that are highly predicted in DNA repair genes and cell cycle regulatory genes from a prominent interaction network of E2F2 and Myc (Lal et al., 2009) . In melanoma development, deregulated miRNAs carry genetic alterations in the microphthalmia-associated transcription factor, SRYrelated HMG box (SOX10), and in the T-box transcription factor 2 (Philippidou et al., 2010) . In our study, ANE or ARE altered expression of miRNAs to affect target genes changes that are operational in several biological pathways, including cancer and genetic disorders (Table 2) . We speculate that some of their target genes that are known to have oncogenic and tumor suppressor activity control different fundamental cellular processes by targeting several genes (detailed effector genes are shown in the Supplementary Table 1 ).
In conclusion, the present study illustrates, for the first time, that ANE exerts its biological functions by regulating the miRNA expression profile. Further studies investigating the interaction between ANE and miRNAs may provide new perspectives on understanding the carcinogenic effect of ANE. Therefore, future investigation is important to study methodically each miRNA in several models in order to clarify their roles in ANE-or ARE-induced carcinogenesis. In addition, a combination of overexpression/inhibition events by transfecting miRNA precursors and inhibitors based on protein array technology will be crucial in identifying the miRNA:mRNA target genes of oral carcinogenesis. A better understanding of these pathways will bring us closer to an understanding of the molecular mechanism underlying oral carcinogenesis and hopefully closer to uncovering novel approaches for the detection and prevention of oral carcinogenesis.
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